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being reduced up to 6.1% and friction coefficient up to 16%. FIB and TEM analysis reveal that the
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Abstract
Hot rolling with a large reduction is usually performed to produce the fine-grained strips, which
leads to a severe wear of work roll and affect substantially the strip quality. As a result, lubricants
are usually introduced to reduce these problems, with inorganic polyphosphate glass polymer
showing the most promising prospective. This study aims to provide a new insight into the
lubrication film at roll/strip interface in hot rolling. A series of lubricated hot rolling tests were
performed by a 40w.t.% sodium metaphosphate aqueous solution under 20%-60% reduction, at
950-1150oC and 0.5 m/s. Thermal behaviors of sodium polyphosphate and the rolled strip samples
were analyzed by high temperature laser confocal microscope, Secondary Electron Microscope
(SEM) and Energy Dispersive X-ray Spectroscopy (EDX), Focused Ion Beam (FIB) and
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Transmission Electron Microscopy (TEM) etc. The results reveal that the lubrication film thickness
at the roll/strip interface varied from 0.6-4.3 μm with the rolling load being reduced up to 6.1%
and friction coefficient up to 16%. FIB and TEM analysis reveal that the polyphosphate film has
an amorphous structure which was penetrated through by the oxide scale. It had been found that
the polyphosphate lubrication performance was improved at a higher reduction and temperature,
which contributes to the friction and oxidation-reduction.
Keywords: Hot rolling, Alkali polyphosphate, Oxidation, Lubrication film thickness.

1 Introduction
The success of inorganic glass material as a lubricant at elevated temperature is mainly associated
with the progressive and continuous melting behavior [1]. The hot extrusion of metallic alloy with
molten glass has been implemented successfully due to the formation of a hydrodynamic, thick
film lubrication, where the powdered glass in an aqueous suspension is sprayed on hot billets [2].
However, the introduction of glass lubricant into hot rolling is hardly reported in the literature.

Figure 1 Schematic of industrial hot rolling product line [3].
Hot rolling is a type of hot metal forming, which reduces the strip thickness uniformly above the
recrystallization temperature in a serious of consecutive roughing and finishing stands, as shown
in Figure 1. Firstly, continuous cast slabs are reheated in furnace at about 1200oC for several hours,
and a thick oxide layer between 3-5 mm is formed. Then, this primary scale is removed by high
2

pressurized water jet, on which a secondary oxide scale is formed instantly before entry into the
roll bite. The lubricant is usually used to enable the strip to slide over the roll surface under
controlled and/or reduced friction conditions. In addition, it will also function to cool down the
roll surface, which experiences a cyclic heating of the contact. Complex and harsh tribological
conditions in hot rolling poses a significant challenge for the selection of lubricant. Furthermore,
the fierce competition in steel product price globally put further pressure on the manufacturing
cost of the lubricant. Currently, oil-in-water emulsion (o/w) with formulated additives is commonly
applied in hot rolling, and it achieves the goals of reducing the forces/torques, roll wear, surface
defects, tertiary scale thickness and cool down the roll surface [4-6]. Several investigations are
performed into its lubrication mechanism; however, little consensus is made due to the
inaccessibility of the contact zone and burn-off of oil film after hot rolling. Azushima et al. [7]
point out that the increase of oil concentration increases the lubrication film thickness, which in
turn reduces the friction coefficient. However, when it exceeds certain critical value, the friction
coefficient becomes unchanged, and is independent of the film thickness at the interface; under the
circumstance, the contact interface is covered entirely by a uniform lubrication film. As these
publications only dealt with friction coefficient, oxide scale and surface quality, the lubrication
behavior at the roll-strip interface has not been elucidated up to now. A significant reason is the
failure to identify and characterize the lubrication film after hot rolling, because hot rolling oil
undergoes burn-off instantly after hot rolling leaving not any lubricant traces, which makes it
impossible to analyze the oil film offline. Furthermore, some disadvantages arise from the use of
oil, such as degradation and phase segregation [8], environmental impact [9], harmful smoke by
the burning of organics [10], etc. Thus, some potential lubricants should be explored for hot rolling
process.
3

A previous paper by Cui et al. [11] tested the tribological performances of different lubricants in
hot rolling, including commercial o/w emulsion, layered talc, borax and metaphosphate glass (20
w.t.%) with non-lubricated and distilled water as benchmark. The result reveals that sodium
metaphosphate shows the optimal performance in terms of friction and wear reduction, by reducing
the rolling load and friction coefficient by 11.5% and 30.3%, respectively. However, the analysis
of the rolled cross-section does not identify the lubrication film due to the low concentration, which
implies that polyphosphate solution with a higher concentration is proposed to be tested to follow
the evolution of lubrication film in hot rolling. Kong et al. [12] performed hot rolling tests with
interstitial-free steel at different temperatures which are lubricated by a sodium and potassium
polyphosphate mixture with a total weight concentration of 20%. The friction coefficient in hot
rolling is halved, and the lubricating efficiency grows with an increase of temperature. Some
studies also suggested that the phosphate-based compounds can be effective anti-wear additives in
hot metal forming lubricants. Tomla et al. [13] tested a commercial solid lubricant containing zinc
phosphate chemicals at 500oC and 800oC, which is proposed to work as anti-wear additives in the
lubricant. The result shows that this type of solid lubricant not only reduces the friction coefficient,
but also completely protects the tool from adhesion. A similar phosphate additive is also tested by
Hao et al. [14] to prevent the sticking defects during the hot rolling of ferritic stainless steel strip.
The results show that the formation of phosphate film at the top surface can narrow the crack sizes
and suppress the crack propagation, which in turn alleviate the sticking problem at the rolling
interface.
This paper concentrates on the front section of hot rolling production line from reheating to
roughing mill, as shown in Figure 1. A high concentration (40w.t.%) of sodium metaphosphate
aqueous solution is used to study its effect on lubrication, oxide deformation behavior and
4

oxidation under different reductions and different heating temperatures. Specific attention is given
to the detailed interfacial microstructure at the contact zone built up with the use of sodium
metaphosphate glass lubricant by Focused Ion Beam (FIB) and Transmission Electron Microscope
(TEM).

2 Experimental details
2.1 Lubricant preparation
The high purity (AR Grade) and amorphous sodium metaphosphate（NaPO3）compound from
Sigma-Aldrich Corporation is the principle composition of aqueous phosphate glass solutions. As
40 g sodium phosphate compounds was dissolved into 60 ml distilled water to form a transparent
solution of 40w.t % concentration. As indicated in the Introduction section, a high concentration
of polyphosphate is required for the purpose of characterization, 40w.t.% of NaPO3 was selected
for this purpose as it is the maximum solubility of NaPO3 in water. The aqueous sodium
metaphosphate solution has demonstrated excellent lubricity and anti-wear attributes at high
temperature in our previous papers [11, 15, 16].
Mild carbon steel plates with chemical composition listed in Table 1, were selected and machined
into the rolled size of 65 (W) ×203 (L) ×20 (H) mm for the hot rolling experiments. Mild steel was
selected for study due to its wide application in engineering practice. Furthermore, unlike high
quality steels such as advanced Interstitial Free steel and pipe-line steel, which has a highly strict
control of phosphorus element, below 100 ppm (parts per million) [17], mild steel can allow a
certain variation in the amount of phosphorus content.

5

Table 1 Chemical composition of mild steel (w.t.%) measured by Optical Emission Spectrometer

Elements

C

Si

Mn

P

S

Cu

Ni

Cr

Weight, %

0.1356

0.1795

0.695

0.00875

0.0235

0.1807

0.0528

0.1444

2.2 Hot rolling test
The hot rolling experiments of mild carbon steel were performed on a 2-high Hille 100 rolling mill
with rolls of 225 mm diameter and 254 mm roll body length with a roll surface roughness (Ra) of
1.0 µm. Rolling forces were measured by two load cells on the mill, and rolling speed can be set
from 0.12 to 0.72 m/s. The schematic diagram of the full-scale experiment set-up is shown in
Figure 2. In this study, three different reductions (20, 40, and 60%) and temperatures (1150, 1050
and 950oC) were tested in hot rolling experiments. The heat treatment of mild steel specimens was
conducted in an electrical resistance furnace in air atmosphere for 30 min to ensure a homogeneous
temperature distribution and a uniform scale thickness. After heating, the hot specimen was
manually descaled before rolling, and the descaling time was controlled to 5 sec. After descaling,
a layer of secondary oxide scale immediately formed on top with a thickness of 50 and 40 µm at
1150 and 1050oC, respectively, before roll bite. As the primary scale was too thin at 950oC (153 ±
9 µm) to be descaled, it was retained for hot rolling. After rolling, the strip surface temperature
was measured to be about 900oC taking 260 s to cool down below 570oC when the heat treatment
was performed at 1150oC.
A thick layer of aqueous inorganic polymer was sprayed on the rolls with a sprayer as shown in
Figure 2. The maximum length of rolled strip after 60% reduction was shorter (about 507.5 mm)
than the circumference of the roll (706.5 mm), thus, the entire rolling process was performed in
lubrication condition. After rolling, the rolled samples were immediately stored into a tank purged
with inert N2 to minimize the oxidation during the cooling period. All hot rolling experiments were
6

repeated at least twice, for those with large deviations, additional tests were conducted.
Representative samples were selected for characterization, in which the specimens were taken
from the center of the rolled strip.

Figure 2 The schematic diagram of the full-scale test set-up

2.3 Characterization methods
The thermal behaviors of sodium metaphosphate powder were firstly analyzed by High
temperature laser confocal microscope (HTLCM), which can heat to a maximum temperature of
1000oC. The detailed description of this equipment was given in a previous paper [12]. Then, the
performance of polyphosphate in hot strip rolling was tested on a Hill 100 experimental rolling
mill. After hot rolling, the rolled surface and cross-section perpendicular to the rolling direction
were analyzed by JEOL JSM-6490LV with a 30 kV conventional tungsten filament, and the
obtained EDX mapping was analyzed by Aztec software. Lamella specimen was obtained using
FEI Helios NanoLab G3 CX focused ion beam FEGSEM. The JEOL 1400 transmission electron
microscope with an accelerating voltage up to 120 kV was used to analyze the FIB lamella.

7

3 Results and discussions
3.1 Thermal behavior of sodium metaphosphate
Prior to hot rolling tests, the in-situ static thermal behaviors of NaPO3 powder on the polished mild
steel surface were examined using HTLCM in an air atmosphere and with a heating speed of 1°C/s.
The powder was observed to begin to melt and wet the surface of the steel at 520°C in Figure 3b.
The phosphate was reported to interact with fresh surface to form strongly chemisorbed layer
and/or a physical barrier of glassy nature as in the case of some oxides, and the protection of steel
surface from oxidation is mainly attributed to the physical barrier of phosphate glass between the
material surface and the oxidizing gas [18]. Consequently, the surface of the steel can be minimised
from oxidation above 520°C with the protection of sodium metaphosphate, which was also
confirmed in ref [19]. Otherwise, it will quickly become heavily oxidised above 570°C [20].When
the temperature increases to 650 and 800°C, a uniform adhesive phosphate film is formed, and it
completely covers the steel surface. This implies that once the polyphosphate molecules enter the
contact zone, the high temperature can quickly melt the polyphosphate, and allows it to “plate-out
“across the contact zone as an easily-sheared viscous glass lubricating film.Furthermore, viscous
alkali phosphate chemically reacted with oxide scale on the strip to form a layer of soft phosphate
reaction film on the top surface of strip. This means that the glass lubricant can quickly soften and
plate out at high temperature.

8

Figure 3 Static In-situ HTLCM images of NaPO3 powder on polished mild steel surface in air
atmosphere at different temperature: (a) 25°C, (b) 520°C, (c) 650°C and (d) 800°C.

3.2 Rolling forces

Figure 4 Measured rolling forces and calculated friction coefficients as a function of (a) reductions at 1150oC
and 0.5 m/s and (b) temperatures at 0.5 m/s and 40% reduction. Note that the error bars for some data are
substantially short, which are covered by the symbols.

Figure 4 shows the measured rolling forces and calculated friction coefficients as a function of the
reductions and temperatures under the condition of dry and lubrication. The numerical model
suggested by Alexander was used to determine the friction coefficient in hot rolling. The Alexander
9

model is based on the approach proposed by Orowan [21], which mainly based on inhomogenous
compression and sticking friction phenomena in hot rolling. The Orowan approach prioritizes an
accurate solution avoiding mathematical approximations in the calculation process. With the aid
of modern computer, Alexander developed an inverse calculation program [22, 23], in which the
calculated roll force by the program is matched with the measured force by varying the effective
coefficient of friction until the error was less than 1%. The flow stress model regarding the
variation of yield stress of the rolled mild carbon with the strain, strain rate and temperature are
obtained in [24], in which Gleeble 3500 thermal mechanical simulation machine is used to conduct
the hot tension experiments and the results are regressed.
With higher reduction, as expected, the rolling forces grow regardless of the dry and lubricated
conditions, which was associated with the increase of contact area and work-hardening. The
calculated friction coefficients also show an upward trend with reductions, this trend is consistent
with the statement [25] that the coefficient of friction is predicted to drop as the strain experienced
by the rolled strip decreases. The results show that the lubrication performance becomes weaker
when reduction decreases: it shows an indistinguishable effect on rolling force and friction
coefficient at 20% reduction, while the rolling forces under 40% and 60% are reduced by 4.5%
and 6.1%, respectively.
Expectedly, the rolling forces also decrease when heating temperature increases from 950 to
1150oC in Figure 4b. The use of lubricant can reduce the rolling force by 4.5% at 1150oC, and the
lubrication performance is poor at 950oC. A similar trend in the performance of alkali
polyphosphate glass lubricant with heating temperature was also found in ref.[12], which revealed
that the polyphosphate melt can achieve a higher lubrication efficiency at a higher temperature.
This is associated with the amount of lubricant being dragged into the contact zone, which will be
10

discussed later. The calculated friction coefficients show a complex trend with temperature where
it was reduced by a maximum of 16% at 1150oC. The friction coefficient shows an upward trend
from 1150 to 1050oC, then a downward trend at 950oC. This is related to the oxide scale state, as
described in “Experimental details” section that the primary oxide formed at 950oC failed to be
manually descaled due to the small thickness. Therefore, the primary scale, far thicker (153 ± 9
µm) than the respective 50 and 40 μm thick secondary oxide scale at 1150 and 1050oC, was
dragged into the roll bite to work as solid lubricant. In hot rolling, the friction coefficient is
dependent on process and material parameters, where it decreases with increasing rolling speeds
and increasing temperatures, and it increased with reduction [26]. The material’s resistance to
deformation is also expected to influence the frictional resistance. The effect of the scale thickness
was found more important than its composition [27], although its oxide scale strength and its
adhesion strength with the substrate, are also expected to contribute to frictional resistance at
roll/metal interface [27, 28]. Utsunoymiya et al. [28] reported that the shear deformation on steel
bulk decreases with increasing scale thickness. Furthermore, a thicker scale can also act as a more
efficient heat insulator, retarding the cooling of substrate, which is also beneficial in friction
reduction.
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3.3 Cross-sectional analysis
3.3.1 Under different reductions

Figure 5 Cross-sectional SEM micrographs of hot rolled strip under different reductions (a) dry
and (d) lubricated at 20%, (b) dry and (e) lubricated at 40%, (c) dry and (f) lubricated at 60% at
1150oC and 0.5 m/s, perpendicular to the rolling direction.

Figure 5 shows cross-sectional SEM micrographs of hot rolled strip under different reductions.
The oxide scale was rolled thinner and becomes increasingly fractured when the reduction
increases: At 20% reduction, thin layers of oxide homogeneously deformed without microcracking. By contrast, the deformed oxide scales under 40 and 60% reduction show a cracked and
fractured morphology more than that under the reduction of 20%. This agrees well with that the
oxide scale had a plastic property above 850oC and is capable of elongating together with base
metal to maintain excellent adhesion if the reduction is less than 20% [28].
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When the polyphosphate lubricant was applied in Figure 5d-f, the oxide scale became less
fragmented, especially at a higher reduction. A discontinuous layer had been observed in the
middle of oxide scale in Figure 5d-f, which were proved to be the lubrication film in the following
analysis. Furthermore, the oxide scale shows a different morphology above and below such layer.

Figure 6 EDX mappings (P element) for cross-sections of hot rolled strips under different
reduction (a) and (b) 60%, (c) and (d) 40%, (e) and (f) 20% at 1150oC and 0.5 m/s, perpendicular
to the rolling direction
13

Figure 6 shows representative EDX mapping of the cross-section of hot rolled strip under different
reductions at 1150oC. After hot rolling at a reduction ratio of 60% in Figure 6a and b, the scale
thickness was uniform and no partial fracturing of the base metal surface had been observed. An
interfacial structure with four layers was identified in the oxide scale; Layer 1 has a thickness of 9
± 2 μm, showing a solid and compact morphology with few cracks or porosities. This layer was
attributed to the new-grown oxide layer formed during the cooling period. Also described in the
“Experimental Section”, after hot rolling, the rolled plate still had a temperature at nearly 900oC,
and it takes at least 260 s to cool down below 570oC. The time is judged to be sufficient to form a
fairly thick oxide scale on the basis of literature survey on the oxidation of mild steel [29, 30],
which is also aggravated by the poor anti-oxidation ability of mild steel grade. Layer 2 is a uniform
layer of polyphosphate film, which is consisted of Na, P, Fe and O elements. This layer of
phosphate shows a discontinuous film, which was damaged by the outward growth of oxide scale
in the cooling process. The identification of layer 2 shows that some of the adsorbed polyphosphate
on the roll surface was transferred onto the strip surface to form a polyphosphate film, because
initially the aqueous polyphosphate solution was only sprayed on the roll surface as shown in
Figure 2. Such polyphosphate film is expected to be soften, even totally melt to work as a liquid
lubricant in the contact zone. Furthermore, this lubricant layer was postulated to be able to lubricate
the hot rolling in the subsequent roughing and finishing mills, as shown in Figure 1. Thus, such
inorganic lubricant can be used more efficiently to reduce the production cost in lubricant
consumption. The cracked and porous layer 3 represents the deformed secondary oxide scale
experiencing a severe plastic deformation under high pressure and shear stress. Layer 4 also shows
a thin and intermittent layer of phosphate lubricant film existing at the interface between oxide
14

scale and steel substrate. As revealed in section 3.1, the polyphosphate lubricant shows a fluidic
state above 520oC, and the high temperature after rolling (approximately 900 oC) allows the
polyphosphate to keep a melt state for at least 260 s, which provides sufficient temperature and
time for the glass melt to diffuse, especially towards the oxide/substrate interface. Furthermore,
the porous and cracked secondary oxide scale (layer 3) provides the passageway for the fluidic
lubricant to enter the interface, which also left some traces in the secondary oxide scale.
When the reduction was set at 40%, a similar interfacial structure to that at 60% reduction was
observed but less amount of lubricant was detected meaning a smaller amount of lubricant was
captured. The third layer also becomes fractured but less voids were observed. Since the deformed
secondary oxide scale experienced less plastic deformation at 20% reduction, only few cracks and
other defects were generated, providing less passageways for the melt to diffuse. Therefore, less
lubricant penetrates to the interface of oxide/substrate in Figure 6f.
3.3.2 Different hot rolling temperatures

Figure 7 Cross-sectional SEM micrographs of rolled strip at different heating temperatures (a)
dry and (d) lubricated at 1150oC, (b) dry and (e) lubricated at1050oC, (c) dry and (f) lubricated at
15

950oC,40% reductions and 0.5 m/s. Note that the primary scale at 950oC was not removed due to
the thinness and strong adhesion.

Figure 7 shows the cross-sectional SEM micrographs of hot rolled strips at different temperatures.
The micrographs at 1150oC had been introduced in Figure 5 b and e. When the heating temperature
decreased from 1150 to 1050oC, the average scale thickness reduced significantly from 42 to 27
µm under dry condition. At 1050oC and dry condition, the secondary scale experienced a reduction
of 35% from 40 ± 3 to 26 ± 4 µm. However, the severe fracture and crack indicate the brittleness
and poor ductility of oxide scale near this temperature range. This is because the scale
deformability declines when the deformation temperature decreases and displays a reduction of
scale thickness with the bulk deformation. Furthermore, an extrusion of substrate into the cracks
of oxide under rolling pressure was also observed.
When polyphosphate lubricant was used, the fracture of the oxide scale was significantly reduced,
and a compact deformed scale had been obtained. When the temperature increased to 1150oC,
similar phenomenon had been also observed. It is noted that the thin primary scale at 950oC could
not be manually removed, therefore, a thicker oxide scale than these at both 1150 and 1050oC as
large as 102 ± 20 µm had been obtained in Figure 6a. The deformed oxide scale has reduced from
153 ± 9 to 102 ± 20 µm experiencing a reduction of 33.3%. Furthermore, the oxide scale shows a
smaller deformation but cracked morphology.
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Figure 8 EDX mapping (P element) for cross-section of hot rolled strip at different temperatures (a) and (b)
1150oC, (c) and (d) 1050oC, (e) and (f) 950oC under 40% reduction and 0.5 m/s, perpendicular to the rolling
direction

Figure 8 shows the lubricant element (phosphorus) distribution in the oxide scale after hot rolling
at different temperatures, which can provide some information about polyphosphate lubricant
capture. At 1050oC, a similar interfacial structure as that at 1150oC, which was already described
17

in Figure 6c and d, was observed. The thickness of layer 1 was significantly reduced because the
temperature decrease leads to the significant slowdown of oxidation in cooling period. At 950oC
little lubricant was detected in the cross-section of hot rolled strip, which indicates little lubricant
capture into the contact zone.
3.3.3 Comparison of oxide scale thickness

Figure 9 (a) Thickness of total oxide scale, (b) various layers under different reductions at1150oC
and 0.5 m/s, (c) thickness of oxide scale at different temperatures under 40% reduction at 0.5
m/s.
Figure 9a compares the thickness of oxide scale under different reductions, which was determined
from 100× SEM images, formed under different reductions by cooling in nitrogen box. The
primary scale formed at 900oC is too thin and cannot be mechanically removed; hence oxide scale
thickness after rolling at 900oC was not listed in Figure 9c to avoid the misunderstanding. The
overall oxide scale thickness was reduced for all the reductions when 40% NaPO3 solution was
used to lubricate the hot rolling. Figure 9b shows the thickness of various layers under different
reductions described in Figure 6. The results show that the deformed secondary oxide scale (layer
3) was rolled thinner as the reduction ratio increased, which indicates that the scale was elongated
along with substrate during hot rolling owing to the ductility at high temperature. Layer 1, which
represents the new grown oxide scale formed in cooling stage, also shows a downward trend when
18

As the hot steel plate the reduction increases. Usually, when layer 3 is thin, layer 1 will be thicker
due to the short diffusion distance of iron element to the top surface. The lubrication film thickness
shown as layer 2 will affect the outward diffusion of iron atoms, could cause the above
phenomenon. The thicker lubricating phosphate film at a higher reduction, shown in Figure 6a and
Figure b, contributes to this trend. It has been stated that the rolling lubricant can be used to reduce
the tertiary scale thickness [31].
As suggested in the “Introduction” section, the sodium metaphosphate glass can provide a
quantitative analysis of entrapped lubricant in the roll bite. The thickness of phosphate film at 60%
reduction was measured to be about 4 μm, as shown in Figure 6. However, this thickness was
subject to the influence of oxide growth and diffusion during cooling period, which does not reflect
accurately the realistic working film thickness. Therefore, one method to obtain the effective film
thickness is proposed here. The total amount of metaphosphate lubricant entry is calculated by
adding up the entire areas occupied by phosphorus element in Figure 6, then the total area occupied
by phosphorus element was divided by the length to obtain an effective phosphate film thickness,
which is shown as layer 2 in Figure 9b. The lubricating film thickness was calculated to be 0.6,
2.42 and 4.3μm for the reductions of 20, 40 and 60%, respectively. At 20% reductions the use of
sodium metaphosphate aqueous solution creates conditions under which the lubricating ability of
the polyphosphate solution may have been diminished due to the little amount of lubricant that
enters the contact zone. Figure 9c shows the comparison in oxide scale thickness when 40%
sodium metaphosphate was applied to lubricate the hot rolling at different temperatures. The result
shows that the oxidation of rolled strip was reduced at both 1050 and 1150oC, which it is more
evident at 1050oC.
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3.4 Impact of polyphosphate lubricant on phosphorus content in substrate

Figure 10 Measured phosphorus content (weight percentage) at the top surface of steel substrate

As phosphorus is not a desired element in steel composition, it is important to know if the
phosphorus in the melt lubricant will diffuse into the substrate and increase the phosphorus content.
Oxford Instrument PMI-MASTER smart equipment was used to measure the phosphorus content
at the top surface of steel substrate after grinding off the oxide scale. The highest temperature
(1150oC) was analyzed systematically because the diffusion of elements was dramatically driven
by temperature [32]. The measured result shown in Figure 10 reveals that the use of polyphosphate
glass lubricant has a negligible impact on the phosphorus content of the substrate. The phosphorus
content under the three reductions of 20%, 40% and 60% lubricated by 40% NaPO3 increases by
0.0005%, 0.0009% and 0.0017%, respectively.
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3.5 FIB and TEM analysis

Figure 11 (a) SEM cross-sectional micrographs of rolled sample under 60% reduction, (b) TEM
bright field micrographs of the cross-section at position A, where the Selected Area Diffraction
(SAD) was inset, and (c) corresponding EDX mapping spectrum of (b), (d) TEM bright field
micrographs, (e) EDX mapping and (f) SAD of the selected area.

FIB&TEM apparatus was used to acquire a clear image of the interface. Figure 11 shows the SEM
cross-sectional micrographs where the FIB millings were undertaken at positions A and B. In
region A, it was observed that two different contrasts exist, and the top grey layer has a thickness
of 3.7 ± 0.81 μm. The first FIB milling was conducted from the top surface with a depth of 7.2 µm,
as shown in Figure 11b, which is still a part of layer 1. A clear top layer consisting of large columnar
grains was observed which is characterized to be magnetite (Fe3O4) by the inset selection area
diffraction pattern. The thin layer above magnetite is hematite (Fe2O3), and the bottom layer is
21

wüstite (FeO) with large-grained size. The formed three-layered structure is similar to that formed
under dry conditions [33] , and the magnetite precipitate in wüstite was also observed. It is noted
that the thickness of hematite and magnetite layer (3.79 ± 0.4 μm) is consistent with the top grey
layer in Figure 11a to confirm that this contrast difference is caused by the oxide phase difference.
Furthermore, few porosities and cracks were found in Figure 11b. These indicate that these grains
did not undergo severe plastic deformation. EDX analysis of the cross-section in Figure 11c
suggests that little phosphorus and sodium element were detected. The compact structure of layer
1 and lubricant elements not being detected within it negate the possibility that the lubricating film
was moved down from the top surface and support the viewpoint that layer 2 was the original
contact rolled surface at the contact zone.
Region B in Figure 11a, which represents the in-situ working lubricating film at the hot rolling
interface was also milled, and the corresponding TEM characterization was shown in Figure 11d,
e, and f. It reveals that the lubricating layer presents loose and porous structures, and the lubricant
mainly fills the cracks and gaps of deform oxide scale and continue to flow along these cracks,
which was confirmed by the EDX mapping in Figure 11e. The polyphosphate lubricant shows an
amorphous morphology without grain boundaries being observed. The EDX mapping confirms
that the cracked and porous oxide scale caused by the significant plastic deformation provides
some reservoirs for the liquid polyphosphate melt in hot rolling. SAD analysis of these oxide grains
show that they are belong to hematite, a representative diffraction pattern was given in Figure 11f.
Lefort and Friedberg [34] reported that the oxidation of steel follows linear law when it is coated
by glass at high temperature, the oxidation rate is substantially slower than that of uncoated steel.
This is also confirmed in ref. [11], claiming that the iron atom can migrate through the melt
polyphosphate layer when the concentration gradient is built within the melt, therefore, the melt
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film will not completely prevent the subsequent oxide layer growth but will slow down the growth
process.

3.6 Lubricant behavior in contact zone

Figure 12 Schematic illustration of the lubrication mechanism in hot rolling
When the sodium metaphosphate solution (40w.t.%) was sprayed onto the roll surface, the majority
was observed to flow down the surface, and only a thin film of polyphosphate aqueous solution
adsorbs on the roll surface. At the pre-entry region, a pool of polyphosphate lubricant was formed
as shown in the schematic diagram in Figure 12a. Phosphate compound is significantly polar in
nature, which is strongly reactive with iron oxide and/or steel substrate at high temperature. The
polyphosphate molecules in the solution interact with the hot surface of workpiece to form a
chemical reaction layer. The respective surface roughness Ra of 1.0 and 5.03 μm of the roll and
hot strip also attenuate or accentuate lubricant capture and delivery into the contact zone.
Furthermore, the surface valleys can also work as the reservoirs for polyphosphate melt, which
can capture and drag lubricants into the contact zone [35]. Polyphosphate was adsorbed on strip
surface by chemical reaction at elevated temperature. According to the Arrhenius equation
(Equation 1) [36], a higher temperature increases the chemical reaction rate between the
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polyphosphate and the iron oxide. As a result, more polyphosphate molecule was dragged into the
roll bite to achieve a higher lubrication efficiency at a higher temperature of 1150oC, in Figure 8a
and b. On the contrast, little lubricant was detected in the cross-section of rolled strip at lower
temperature of 950oC as shown in Figure 8e and f. Extremely short contact time between work roll
and strip (10-2~10-3 s) also constrains the adsorption of polyphosphate on hot rolled strip surface.
𝐸𝑎

𝑘 = 𝐴𝑒 −𝑅𝑇

Equation 1

where k denotes the reaction rate, A is pre-exponential factor, Ea and T represent activation energy
and temperature, respectively, R is the gas constant. This formed phosphate reaction film will
rapidly soften to become viscous, semi-melt, even completely melted at the interface to work as
the easily-sheared lubricating film. Furthermore, the fluidic phosphate melt also penetrates the
cracks in layer 3 to arrive at the oxide/substrate interfaces in hot rolling. During a rolling pass, a
part of the rolling force contributes to overcome the relative sliding between the oxide scale and
the deforming bulk steel substrate [37]. The lubricant at the oxide/substrate interface can reduce
their adhesion, as a result, sliding resistance between the oxide scale and substrate can be reduced.
As suggested in the Introduction section, this thick layer of lubrication film will continue to
function as lubricant in the following roughening and finishing milling, making the best use of the
lubricant. Finally, such lubricant residual will be removed along with the oxide scale in the pickling
process, exerting little impact on the final product quality.
As the hot steel plate has a temperature of 900~1150oC, pronouncedly above the fluidic point of
NaPO3 at 520oC obtained in Figure 3, thus, the polyphosphate can be treated as a melt state in the
roll gap. As a result, the nature of the lubricating regime can be determined by comparing the
thickness of the lubrication film and the combined asperity heights of the roll and the rolled metal
[38]. The ratio is defined as Equation 2.
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λ=

ℎ

Equation 2

2 +𝑅 2
√𝑅𝑞1
𝑞2

Where h denotes the lubrication film thickness, which can be obtained from Figure 9b. Rq1 and
Rq2 are the r.m.s surface roughness values of the two surfaces. When the thickness of lubrication
film to surface roughness ratio is less than 1, boundary lubrication is present. The calculated value
for all the hot rolling tests in this manuscript is all less than 1 (between 0.37~0.75). Therefore, the
lubrication regime achieved by alkali polyphosphate is in the boundary lubrication regime where
dry contact also exists：the thickness of the lubrication film is small and the asperities can pierce
through the lubricant, as shown in Figure 12b. The contact zone of roll/strip lubricated by sodium
metaphosphate solution can be classified into two areas, shown in Figure 12b, based on the model
suggested by Matsubara (Equation 3) [39]; A direct contact between work roll and strip through
asperities and oxide scale debris, and a boundary lubricated contact where the roll contacts the
strip through a melt film. The total friction coefficient can be expressed by the combination of
these two areas
μ = αμd + (1 − α)μb

Equation 3

Where, ud and ub represent the friction coefficients produced in the dry contact area and in glassy
film contact area, respectively. The parameter α is the contact area percentage through direct
contact in the whole contact area. The use of polyphosphate can create a high percentage area of
lubricated contact, because of the formation of strong polyphosphate bond on hot steel strip. Large
reductions will produce more asperities contact and the contact through free oxide particles, which
will increase the parameter α.
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4 Conclusions
This manuscript had investigated the lubrication of alkali polyphosphate compound in hot rolling
of mild steel. Hot rolling at different reductions and temperatures were performed and the behavior
of lubricant was also analyzed, several conclusions were obtained as follows:
(1) Sodium metaphosphate can present a fluidic state above 520oC, and the use of 40w.t.%
sodium metaphosphate can reduce the rolling force and friction coefficient respectively by
~6.1% and ~16% under 20%-60% reduction at 1150oC and 0.5 m/s, ~5.3% and ~16% at
950~1150oC, 40% reduction and 0.5 m/s.
(2) The boundary lubrication regime had been determined. A larger amount of lubricant was
captured into the contact zone at a higher temperature and reduction. The lubricating film
thickness (layer 2) was calculated to be 0.6, 2.42 and 4.3μm for the reductions of 20, 40
and 60% at 1150oC and 0.5 m/s, respectively.
(3) The lubricant mainly fills the cracks and porosities in the scale, above which a three-layered
tertiary scale, consists of Fe2O3, Fe3O4 and FeO formed and below lubrication film is the
deformed secondary scale.
(4) Higher concentration of alkali polyphosphate lubricant can work better to reduce the rolled
plate from oxidation, and its effect is more evident with a higher reduction and higher
heating temperature. Furthermore, the use of polyphosphate glass lubricant has a negligible
impact on the phosphorus content in the steel substrate.
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